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Abstract Measurement of densities q, viscosities g, and
ultrasonic speeds u has been carried out for binary mixtures
of N,N-diethylaniline (N,N-DEA) with acetophenone,
cyclopentanone, cyclohexanone (CH), and 2-methylcyclo-
hexanone (Me-CH) and their pure liquids at (303.15 and
308.15) K. These experimental data have been used to
calculate the excess molar volume VE, deviation in ultra-
sonic velocity Du, deviation in isentropic compressibility
Djs, and deviation in viscosity Dg. The variation of these
properties with composition of the mixtures suggests
dipole–dipole interactions and charge-transfer complex
formation between N,N-diethylaniline and dipolar ketones.
The magnitude of the property is found to depend on the
chain length of the ketones’ molecule. The viscosity data
have been correlated using three equations: Grunberg and
Nissan (Nature 164:799–800, 1949), Katti and Chaudhri
(J Chem Eng Data 9:442–443, 1964), and Hind et al. (Trans
Faraday Soc 56:328–330, 1960). These results have been
fitted to the Redlich–Kister polynomial using multipara-
metric nonlinear regression analysis to estimate the binary
coefficients and standard errors.
Keywords N,N-diethylaniline  Cyclic ketones 
Ultrasonic speed  Viscosity  Density  Excess
thermodynamic parameters
Introduction
The interaction between solvents with polar groups and the
carbonyl group of ketones plays a role in the structural
effects, molecular level, and practical applications. The
chemical industries have recognized the importance of the
thermodynamic properties in design calculations involving
chemical separations, heat transfer, mass transfer, and fluid
flow. When two or more solvent molecules are associated
with one another to form a liquid mixture, it brings about a
marked effect on the properties of the resulting system and
differences in the intermolecular interactions of the sol-
vents. This fact is well known as the transport phenomenon
and thermo-physical properties of mixed solvents. The
present study is a continuation of our earlier research [1–4]
on thermodynamic properties of binary liquid mixtures.
The liquids were chosen in the present investigation on the
basis of their industrial importance. N,N-diethylaniline is
used as a solvent, in the preparation of dyes, and in various
organic products. The carbonyl group is a part of several
biologically important molecules such as proteins, lipids,
and hormones. Ketones are a class of chemical compounds
containing the carbonyl group in which the carbon atom is
covalently bonded to an oxygen atom. Ketones are
important intermediates in the synthesis of many organic
compounds such as alkoxides, hydroxyalkynes, phosphine
oxides, and cyanohydrins. Among the various ketones,
acetophenone is used to create fragrances that resemble
jasmine. It is used in chewing gum. Ketones are chosen in
the present investigations since they find a variety of
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applications such as solvent, lacquers, oils, resins, etc. The
carbonyl group can interact with basic groups like the
amino group to form a complex and influence the proper-
ties of such compounds.
In recent years, several studies have been advanced to
study thermodynamic and transport properties of binary
liquid mixtures containing ketones [5–15]. A perusal of the
literature reveals that the thermo-physical property studies
on the binary mixtures containing N,N-diethylaniline are
not yet reported. This paper presents the data on density,
viscosity, and speed of sound measurements in a system of
N,N-diethylaniline with four ketones at (303.15 and
308.15) K. Using these experimental data, excess molar
volume VE deviation in isentropic compressibility Djs and
deviation in viscosity Dg are calculated. These results have
been fitted to the Redlich–Kister polynomial equation [16]
to estimate the binary coefficients and the standard devia-
tion between experimental and calculated data. Results
have been used to explain the nature of intermolecular
interactions between mixing components.
Experimental
Chemicals
N,N-diethylaniline 99.7 % of purity, acetophenone [99 %
of purity, cyclopentanone 99.1 % of purity, cyclohexanone
[99 % of purity, and 2-methylcyclohexanone [99 % of
purity were purchased from Merck, S.D. Fine Chemicals
Ltd., India. All samples were used without further purifi-
cation because their purities exceeded 99.0 % as tested by
gas chromatography using a flame ionization detector with
a packed column. Experimental values such as densities q,
viscosities g, and ultrasonic speeds u of the pure liquids are
compared with the literature values [7, 17–21] in Table 1 at
298.15 K, and the values are in good agreement.
Apparatus and procedure
The binary mixtures of N,N-diethylaniline with acetophe-
none, cyclopentanone, cyclohexanone, and 2-methylcy-
clohexanone were prepared in glass bottles with air-tight
stoppers, and adequate precautions were taken to minimize
losses through evaporation. The weighing of solutions was
made using Acculab ALC-210.4 digital electronic balance
with a precision of ±0.1 mg. The uncertainty in solution
composition expressed in mole fraction was found to be
less than 1 9 10-4. After mixing the sample, the bubble-
free homogeneous sample was transferred into the U-tube
of the densimeter using a syringe. The density measure-
ments were performed with a Rudolph Research Analytical
digital densimeter (DDH-2911 Model), equipped with a
built-in solid-state thermostat and a resident program with
temperature of (303.15 and 308.15) K ± 0.03 K. The
estimated accuracy in the density measurement is
±2 9 10-5 g cm-3. Proper calibration at each temperature
was achieved with doubly distilled, deionized water and
with air as standards. A multi-frequency ultrasonic inter-
ferometer (M-82 Model, Mittal Enterprise, New Delhi,
India) operated at 2 MHz was used to measure the ultra-
sonic velocities in binary liquid mixtures at constant tem-
perature of (303.15 and 308.15) K controlled by a digital
constant temperature water bath. The uncertainty in the
measurement of ultrasonic sound velocity is ±0.2 %.
The viscosities of pure liquids and their mixtures were
determined at atmospheric pressure and at temperature
303.15 K using an Ubbelohde viscometer, which was
Table 1 Comparison of the experimental and literature values of density (q), ultrasonic sound velocity (u), and viscosity (g) for pure com-
ponents at 298.15 K
Pure components Density q/g cm-3 Velocity u/m s-1 Viscosity g/mPa.s
Experimental Literature Experimental Literature Experimental Literature
N,N-diethylaniline 0.92992 0.92990a 1411.0 1434*b 1.917 1.9191a
Acetophenone 1.02359 1.02360c 1475.0 1476.2e 1.673 1.674c
Cyclopentanone 0.94319 0.94320c 1375.0 1374*f 1.082 1.084c
Cyclohexanone 0.94109 0.94110c 1388.0 1388*f 2.013 2.011c
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calibrated with benzene and doubly distilled water. The
Ubbelohde viscometer bulb has a capacity of 15 mL and a
capillary tube with a length of about 90 mm with 0.5 mm
internal diameter. The viscometer, thoroughly cleaned and
perfectly dried, was filled with the sample liquid by fitting
the viscometer to about 30 from the vertical and its limbs
were closed with Teflon caps to avoid the evaporation. The
viscometer was kept in a transparent walled bath with a
thermal stability of ±0.01 K for about 20 min to obtain
thermal equilibrium. An electronic digital stopwatch with
an uncertainty ±0.01 s was used for flow time measure-
ments. The viscosity values of pure liquids and mixtures
are calculated using the relation
g ¼ at  b=tð Þq ð1Þ
where a and b are the characteristic constants of the vis-
cometer, q is the density, and t represents the flow time.
The uncertainty of viscosity thus estimated was found to be
±0.005 mPa.s.
Results and discussion
The experimental values of density q, viscosity g, and
ultrasonic velocity u of pure liquids and their mixtures as
function of mole fraction of N,N-diethylaniline at (303.15
and 308.15) K were used to calculate the parameters such
as VE, js, Djs, and Dg from experimental data using the
following expressions:
VE ¼ x1M1 þ x2M2½ =qm  x1M1=q1 þ x2M2=q2½  ð2Þ
Du ¼ U  X1U1 þ X2U2½  ð3Þ
Djs ¼ js  x1js1 þ x2js2½  ð4Þ
Dg ¼ g  x1g1 þ x2g2½  ð5Þ
In the above equations, M1, M2, js1, js2, g1, g2, u1, u2,
q1, q2, qm, js, g, and u represent molecular mass, isentropic
compressibility, viscosity, ultrasonic sound velocity, and
density data of component 1, component 2, the and
mixture, respectively.
The data related to excess volume (VE), deviation in
isentropic compressibility (Djs), and deviation in viscosity
(Dg) for the binary systems of N,N-diethylaniline with
acetophenone, cyclopentanone, cyclohexanone, and
2-methycyclohexanone are graphically represented in
Figs. 1, 2, and 3, respectively, at (303.15 and 308.15) K.
An examination of curves in Fig. 1 suggests that the VE
data for N,N-diethylaniline with cyclohexanone and ?2-
methylcylohexanone are positive over the entire composi-
tion range, and for mixtures of N,N-diethylaniline with
acetophenone and cyclopentanone, the property is nega-
tive. The excess volume (VE) for the above-mentioned
systems is the resultant contribution from several opposing
effects, namely, chemical, physical, and structural. The
chemical or specific interactions result in volume con-
tractions, leading to negative excess volume and these
include charge-transfer complexes, dipole–dipole and
dipole-induced dipole interactions, and H-bonding between
component molecules. Further, the structural contributions
are mostly negative and arise from several effects such as
interstitial accommodation and geometrical fitting of one
component into another due to the differences in the molar
volume and free volume between components. The phys-
ical interactions or non-specific interactions are weak,
contributing positive VE.
A perusal of curves in Fig. 1 indicates that the factors
which are responsible for negative excess volume were
dominant in the binary mixtures of N,N-diethylaniline with
acetophenone and cyclopentanone. On the other hand, the
property is positive in the binary mixtures containing
cyclohexanone and 2-methylcyclohexanone.
The negative values of VE of binary mixtures of N,N-
diethylaniline with ketones may be attributed to the dipole–
dipole interactions resulting in the formation of electron-
transfer complexes between ketones and p-electron cloud of
N,N-diethylaniline. Nitrogen atoms are the best donors [22]
possessing lone pairs of electrons on them. Hence, N,N-
diethylaniline is a good electron pair donor to exhibit spe-
cific interactions between them. This type of similar trend
was observed for high polar solvent of N,N-dimethylform-
amide with ketones [23]. Further, the positive values for the
systems containing cyclohexanone and 2-methylcyclo-
hexanone in the present study suggest that there is no exis-
tence of specific interactions between unlike molecules [24].






















Fig. 1 Variation of VE of the binary liquid mixtures of N,N-
diethylaniline with acetophenone (filled square), cyclopentanone
(filled circle), cyclohexanone (filled triangle), 2-methylcyclohexa-
none (filled inverted triangle) at 303.15 K and acetophenone (open
square), cyclopentanone (open circle), cyclohexanone (open trian-
gle), 2-methylcyclohexanone (open inverted triangle) at 308.15 K
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The negative excess volume data for the binary mixture
of N,N-diethylaniline with acetophenone is less compared
to cyclopentanone. This reflects that when both component
molecules have the same ring size, weak dipole–dipole
interactions can be expected.
The negative VE value for the system N,N-diethylaniline
with cyclopentanone may be due to the difference between
molecular size of N,N-diethylaniline (molar volume =
161.3 cm3 mol-1) and cyclopentanone (molar volume =
89.61 cm3 mol-1) which might allow the favorable fitting of
smaller cyclopentanone molecules into voids present in the
bigger N,N-diethylaniline [25]. The positive VE values for
systems of N,N-diethylaniline with cyclohexanone and ?2-
methylcyclohexanone may be due to the effect of a larger
ring size of cyclic ketones. As the ring size of cyclic ketones
increases, which in turn increases their polarizability,
repulsive forces also increase, causing the VE positive. The
positive VE value of the N,N-diethylaniline with 2-methyl-
cyclohexanone is larger than that of cyclohexanone due to
the positive inductive effect of the methyl group in 2-meth-
ylcyclohexanone, resulting in decreased polarizability.
The algebraic VE values of N,N-diethylaniline with
cyclic ketones follow the order
CP\CH\2-Me-CH
An examination of curves in Fig. 2 reveals that a deviation
in isentropic compressibility (Djs) is negative for the binary
mixtures N,N-diethylaniline with acetophenone and
cyclopentanone, while it is positive for mixtures containing
cyclohexanone and 2-methylcyclohexanone over the entire
range of composition at both the temperatures. The Djs values
were ascribed according to Sri Devi et al. [26]; the negative
excess values have been due to the closely packed molecules
which account for the existence of strong molecular
interaction, whereas positive excess values are caused by
dispersion forces between unlike molecules. The sign of
deviation in isentropic compressibility (Djs) plays a vital role
in assessing the compactness due to molecular interaction in
liquid mixtures through hydrogen bonding, charge-transfer
complex formation, dipole–dipole interactions and dipole-
induced dipole interactions, interstitial accommodation, and
orientational order [27] leading to more compact structure
making negative deviation in isentropic compressibility. The
positive Djs values for N,N-diethylaniline with cyclohexanone
and 2-methyl cyclohexanone may be attributed to the loss of
dipole association [28] and difference in size, shape, and mass
of the unlike component molecules in the mixtures, and the
negative Djs values for N,N-diethylaniline with acetophenone
and cyclopentanone may be attributed to the dipole–dipole
interactions resulting in the formation of electron-transfer
complexes between unlike molecules.
The algebraic Djs values of N,N-diethylaniline with
acetophenone and cyclic ketones follow the order
CP\AP\CH\2-Me-CH
According to Fort and Moore [27], deviation in viscosity
tends to become more positive as the strength of the
interaction between component molecules increases. The
deviation in viscosity gives a qualitative estimation of the
strength of the intermolecular interactions. It may be
generally explained by considering the following factors.
(i) The difference in size and shape of the component
















Fig. 2 Variation of Djs of the binary liquid mixtures of N,N-
diethylaniline with acetophenone, (filled square), cyclopentanone
(filled circle), cyclohexanone (filled triangle), 2-methylcyclohexa-
none (filled inverted triangle) at 303.15 K and acetophenone (open
square), cyclopentanone (open circle), cyclohexanone (open trian-
gle), 2-methylcyclohexanone (open inverted triangle) at 308.15 K
















Fig. 3 Variation of Dg of the binary liquid mixtures of N,N-
diethylaniline with acetophenone (filled square), cyclopentanone
(filled circle), cyclohexanone (filled triangle), 2-methylcyclohexa-
none (filled inverted triangle) at 303.15 K and acetophenone (open
square), cyclopentanone (open circle), cyclohexanone (open trian-
gle), 2-methylcyclohexanone (open inverted triangle) at 308.15 K
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molecules and the loss of dipolar association in a pure
component may contribute to a decrease in viscosity, and
(ii) specific interactions between unlike components such
as hydrogen bond formation and charge-transfer complexes
may cause increase in viscosity in mixtures compared to in
pure components. The former effect produces negative
deviation in viscosity and the latter effect produces positive
deviation in viscosity.
An examination of curves in Fig. 3 shows that a devi-
ation in viscosity (Dg) data is positive for mixtures of N,N-
diethylaniline with acetophenone and cyclopentanone and
is negative for the systems containing cyclohexanone and
2-methylcyclohexanone over the entire composition ranges
at (303.15 and 308.15) K.
The excess Gibbs free energy of activation of viscous
flow (G*E) is obtained by the equation
GE ¼ RT lngV  x1lng1V1 þ x2lng2V2ð Þ½  ð6Þ
where V1, V2, and V are the molar volumes of the com-
ponent 1 and component 2 and molar volume of the mix-
ture, respectively; R and T have their usual meanings.
Grunberg and Nissan [28] proposed the following
equation for the measurement of viscosity of liquid
mixtures:
lng ¼ x1lng1 þ x2lng2 þ x1x2d12 ð7Þ
where d12 is a parameter proportional to interchange
energy, which reflects the non-ideality of the system.
Katti and Chaudhri [29] proposed the following equation:
lngV ¼ x1lnV1g1 þ x2lnV2g2 þ x1x2Wvis=RT ð8Þ
where Wvis/RT is an interaction term.
Hind et al. [30] suggested an equation for the viscosity
of binary liquid mixtures as
g ¼ x21g1 þ x22g2 þ 2x1x2H12 ð9Þ
where H12 is the Hind interaction parameter, and the
above-mentioned computed values are also presented in
Table 2.
The positive Dg values indicate the existence of specific
interactions between component molecules [31–34], while
the negative Dg values suggest that dispersion forces are
dominant in mixtures. The existence of dispersion forces
indicates that the component molecules have different
molecular sizes and shapes [35].
Attempts [28, 32, 36] have been made to explain the
behavior of liquid mixtures on the basis of the sign and
magnitude of deviation in viscosity Dg, excess molar Gibbs
Table 2 Coefficients of Redlich–Kister equation and standard deviation values at 303.15 and 308.15 K
Binary mixtures T/K Functions a0 a1 a2 r
N,N-diethylaniline ? acetophenone 303.15 VE/cm3 mol-1 -0.951 0.091 -0.158 0.001
Djs/TPa
-1 -17.12 1.588 -4.617 0.016
Dg/mPa.s 0.261 -0.024 0.056 0.001
N,N-diethylaniline ? cyclopentanone 303.15 VE/cm3 mol-1 0.707 -0.112 -0.227 0.001
Djs/TPa
-1 14.66 -3.593 -5.719 0.027
Dg/mPa.s -0.078 0.012 -0.002 0.001
N,N-diethylaniline ? cyclohexanone 303.15 VE/cm3 mol-1 0.854 -0.104 -0.084 0.001
Djs/TPa
-1 17.92 -4.338 -6.459 0.033
Dg/mPa.s -0.300 0.032 0.126 0.002
N,N-diethylaniline ? 2-methylcyclohexanone 303.15 VE/cm3 mol-1 -0.793 0.003 -0.169 0.002
Djs/TPa
-1 -13.58 0.954 -8.462 0.023
Dg/mPa.s 0.071 -0.006 0.072 0.001
N,N-diethylaniline ? acetophenone 308.15 VE/cm3 mol-1 -1.024 0.083 -0.598 0.001
Djs/TPa
-1 -20.26 4.319 -14.64 0.034
Dg/mPa.s 0.224 0.001 -0.025 0.001
N,N-diethylaniline ? cyclopentanone 308.15 VE/cm3 mol-1 0.652 -0.087 -0.448 0.001
Djs/TPa
-1 15.04 -3.733 -4.082 0.033
Dg/mPa.s -0.088 0.011 -0.027 0.001
N,N-diethylaniline ? cyclohexanone 308.15 VE/cm3 mol-1 0.833 -0.076 -0.473 0.001
Djs/TPa
-1 19.16 -5.007 -0.762 0.050
Dg/mPa.s -0.313 0.034 -0.047 0.001
N,N-diethylaniline ? 2-methylcyclohexanone 308.15 VE/cm3 mol-1 -0.951 0.091 -0.158 0.001
Djs/TPa
-1 -17.12 1.588 -4.617 0.016
Dg/mPa.s 0.261 -0.024 0.056 0.001
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free energy of activation of flow (G*E), and Nissan’s
parameter d12. In the present investigation, the values of
G*E and d12 are positive for N,N-diethylaniline with ace-
tophenone, cyclopentanone, and cyclohexanone and are
negative for N,N-diethylaniline with 2-methylcyclohexa-
none. The positive values of G*E and d12 are due to the
presence of strong specific interactions between component
molecules, whereas their negative values suggest the
existence of weaker interaction [32].
The variation of VE, Djs, and Dg with mole fraction was
fitted to the Redlich–Kister polynomial equation [16] of the
type
YE ¼ x1x2 a0 þ a1 x1  x2ð Þ þ a2 x1  x2ð Þ2
h i
ð10Þ
where YE is VE or Djs or Dg. The values of a0, a1, and a2
are the coefficients of the polynomial equation, and the
corresponding standard deviations r obtained by the
method of least squares with equal masses assigned to







= n  mð Þ
h i1=2
ð11Þ
where n is the total number of experimental points and
m is the number of coefficients. The values of a0, a1, and
a2 are the coefficients determined by a multiple-regression
analysis on the least square method and summarized along
with the standard deviations between the experimental and
fitted values of VE, Djs, and Dg, presented in Table 2.
Finally, it can be concluded that the expressions used for
interpolating the experimental data measured in this work
show good results as can be seen by inspecting the r
values obtained.
Conclusions
The experimental values of density, viscosity, and speed of
sound for the binary mixtures of N,N-diethylaniline with
acetophenone, cyclopentanone, cyclohexanone, and
2-methylcyclohexanone at (303.15 and 308.15) K and
different compositions are measured. From these data,
several thermodynamic excess functions have been calcu-
lated and correlated using the Redlich–Kister-type poly-
nomial equation. The sign and magnitude of these
quantities have been discussed in terms of electron-transfer
complexes and dipole–dipole interactions between the
mixing components.
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